In this work, we show that surface plasmon polaritons (SPPs) at terahertz (THz) frequencies can be tuned by changing the temperature in a periodically corrugated thin film of indium antimonide (InSb) sandwiched between air and dielectric. When a THz electromagnetic wave illuminates the structure, the temperature-dependent THz SPPs can be excited, and the first and second-order modes and their crosscouplings are observed in the band structure of SPPs. Reflection dips and transmission resonances are observed in those modes. By increasing temperature, transmissions decrease and reflections increase significantly. Our studies indicate that such effects may have potential applications in designing thermally controlled THz devices. #
Introduction
Surface plasmon polaritons (SPPs) are collective electromagnetic excitations existing at the interface between a conductor and a dielectric. 1) It is well known that SPPs are responsible for surface-enhanced Raman scattering in metallic nanosystems 2) and extraordinary optical transmission through nanohole arrays in metal films. [3] [4] [5] [6] To date, most investigations of SPPs have been focused on metal surfaces in visible and infrared regions. However, some semiconductors can also support SPPs at terahertz (THz) frequencies owing to the fact that the real parts of their permittivities become negative in the THz range. For example, the propagation of THz SPPs has been studied in groove arrays of indium antimonide (InSb). 7, 8) The THz-SPP-enhanced transmissions have also been observed in the slit surrounded by periodic grooves in silicon wafer during photo excitation. 9) However, the investigations of THz SPPs are still very limited. On the other hand, THz technology bridges the gap between photonics and electronics, and provides a powerful tool to characterize semiconductors and biomolecules. 10) Moreover, THz spectroscopy and imaging may contribute to a wide range of applications in biology and medicine. [11] [12] [13] [14] Therefore, in depth research on THz SPPs will improve THz sensing and imaging.
In this work, we theoretically studied the effect of THz SPPs on the transmission and reflection of a thin InSb film with periodic corrugations when the film is illuminated by ppolarized THz electromagnetic waves. We showed that the THz SPPs are temperature-dependent, and the first and second-order modes and their cross-couplings are clearly shown in the SPP band structures. At those modes, reflection dips are found, and transmission resonances are observed as a transmission minimum or maximum. By increasing the temperature of the film, transmissions decrease and reflections increase significantly. Our investigation suggests that such InSb films may have potential applications in thermally controlled THz devices.
Theoretical Approach
To excite THz SPPs, we design the InSb film with periodic corrugations, sandwiched between the air and the dielectric (as shown in Fig. 1 ). The profiles of the sandwich shape are given by y 1 ¼ d þ a sinðk g xÞ for the upper air/InSb interface and y 2 ¼ Àd þ a sinðk g xÞ for the lower InSb/dielectric interface at the xy plane. Here, 2d is the average thickness of the sandwich, a is the corrugation height, k g ¼ 2= 0 is the grating vector (or the corrugation vector) in the waved sandwich of ''air/InSb/dielectric'' (AISD), and 0 is the spatial period of the corrugation, as shown in Fig. 1 . The THz electromagnetic wave illuminates the AISD at an incident angle . On the basis of the Rayleigh hypothesis, 15) we theoretically investigated the propagation of an electromagnetic wave in the AISD. For a p-polarized incident wave (with its magnetic field in the z direction), the magnetic fields in three media of the AISD are expressed as Rayleigh expansions 16) in terms of spatial harmonics as
ið n xþ n yÞ ðy > y 1 Þ;
ið n xÀ 3n yÞ ðy < y 2 Þ:
Here, we assume that the incident amplitude is unity, and that B jn ( j ¼ 1; 2) and A jn ( j ¼ 2; 3) are the nth-order reflection and transmission amplitudes, respectively, in the jth medium of the AISD. The wave vectors in eq. (1) are given by
n ; ð2Þ where k 0 is the free space wave vector, 0 and n are the x components, and n , 2n , and 3n are the y components of the wave vector for the nth spatial harmonics in the three media. In addition, the boundary conditions in the AISD can be written as H jz j y¼y j ¼ H jþ1;z j y¼y j ; 
At the InSb/dielectric interface, the coupled amplitude equations are given by X n ½A 2n expði 2n dÞJ nÀm ð 2n aÞ þ B 2n expðÀi 2n dÞJ mÀn ð 2n aÞ À A 3n expði 3n dÞJ nÀm ð 3n aÞ ¼ 0; ð6Þ
Here, m takes all integer values between À1 and þ1. The expansion
has been used, where the first Bessel function is expressed as J p . Next, we obtained the reflectivity and transmittivity in the AISD. We truncate the superposition of the spatial harmonics and solve the amplitudes B 1n , B 2n , A 2n , and A 3n in the coupled amplitude equations [eqs. (4)- (7)] for a given frequency ! and incident angle . Since the time-averaged energy flow S ¼ ReðE Â H Ã Þ=2 can be determined in each medium, the reflection and transmission coefficients along the y direction can be obtained as
respectively. Here, y þ and y À are selected so that the reflection and transmission at the far field region can be calculated. On the basis of reflection and transmission data, dispersion maps are obtained.
Numerical Calculations and Discussion
Because InSb has a high electronic mobility (about 7:7 Â 10 4 cm 2 ÁV À1 Ás À1 ) and a small band gap (about 0.17 eV), 17) it is a promising candidate for applications in future highperformance and low-power transistors. 18) When the temperature varies from 225 to 325 K, there are many thermally excited carriers in InSb, which make InSb metallic at the THz region. 7, 8) Thereafter, the dielectric functions of the InSb film are characterized by a Drude-type function
where " 1 is the high-frequency permittivity, ! p ðTÞ is the plasma frequency, and ÀðTÞ is the temperature-dependent collision rate. As shown in Figs. 2(a) and 2(b), the real part (Re ") and the imaginary part (Im ") of the permittivity of InSb at different temperatures are calculated on the basis of eq. (9) using the data in ref. 7 . It is demonstrated that jRe "j is larger than Im " at THz frequencies, where InSb behaves as silver does at optical frequencies. Furthermore, the penetration depth of terahertz waves into InSb Fig. 2 (c) for different temperatures. The THz SPPs may be excited at the InSb/ dielectric interface when it is illuminated by THz radiation and the resonant modes can be tuned by temperature. With consideration of the penetration depth for InSb at the THz band, an appropriate thickness of the InSb film should be chosen to observe resonant properties therein. As will be shown later, the reflection and transmission in some peculiar InSb films can be significantly affected by THz SPPs at temperature-tuned resonant modes.
On the basis of eqs. (4)- (8), we have calculated the reflectivity, the transmissivity, and the dispersion maps in the AISD. In the calculations, the parameters of the AISD are set as 0 ¼ 442:0 mm, d ¼ 7:0 mm, and a ¼ 28:7 mm. The permittivities of the air and the dielectric are assumed to be " air ¼ 1 and " d ¼ 2:13, respectively. Loss in the dielectric is neglected. Obviously the Rayleigh hypothesis 19, 20) is valid for our case.
The band structures of the THz SPPs in the AISD have been calculated at different temperatures. Figure 3 shows the dispersion maps of the THz SPP in the AISD based on reflection and transmission data for different incident angles at room temperature. It is obvious that the first and secondorder air/InSb SPP branches are found in both the dispersion map corresponding to the reflection data [ Fig. 3(a) ] and that corresponding to the transmission data [ Fig. 3(b) ]. In addition, the InSb/dielectric SPP branches are also observed in the dispersion map shown in Fig. 3(b) . The fields of the SPPs at the InSb/dielectric interface are too weak to be represented in the corresponding reflectivity dispersion maps. Furthermore, owing to periodic modulation in the AISD, the air/InSb SPPs with different orders can be coupled, whereas the air/InSb SPPs can also be coupled with the InSb/dielectric SPPs. As indicated in Figs. 3(a) and 3(b) , five types of crossing points exist: (i) the crossing point of the AE1st order air/InSb SPP modes (Point A 1 ); (ii) the crossing point of the AE2nd order air/InSb SPP modes (Point A 2 ); (iii) the crossing points of the first order and the second order air/InSb SPP modes (Points B 1 and B 2 ), (iv) the crossing points of the first order InSb/dielectric SPP modes and the second order air/InSb SPP modes (Points C 1 and C 2 ), and (v) the crossing point of the AE1st order InSb/ dielectric SPP modes (Point D). (Point D is not distinguished for the AISD with the indicated parameters because the magnitudes of the AE1st order InSb/dielectric SPP modes are very weak.) Usually, the coupling of SPPs leads to a band gap in an infinite periodic structure. However, no SPP band gaps can be found at the crossing points in the AISD, which originates from the absence of perturbed components in the shape profile of the AISD and the conformal thickness of the semiconductor layer. This phenomenon is similar to the coupling of the visible photons in a thin corrugated silver film, as shown in ref. 21 .
To demonstrate the excitation of the THz SPPs in the AISD, the field distributions of electromagnetic waves at some resonant modes have been calculated. Figure 4 shows the time-averaged magnetic field distributions at some crossing points. In Fig. 4(a) , the field distribution of the mode at Point A 1 (as indicated in Fig. 3 ) presents the same period of the AISD, i.e., 0 , which agrees with the feature of the first order air/InSb SPP modes. In contrast, in Fig. 4(b) , the field distribution of the mode at Point A 2 (as indicated in Fig. 3 ) is periodically distributed with a periodicity equal to 0 =2, which is in good agreement with the feature of the second order air/InSb SPP modes. Figure 4(c) shows the field distribution of Point B 1 or B 2 (as indicated in Fig. 3) , which exhibits the characteristics of both the first order and the second order air/InSb SPP modes. Similar periodic field distributions are found in Fig. 4 (d) (Point C 1 or C 2 as shown in Fig. 3) , except that the magnetic field from the air/InSb SPP mode is much stronger than that from the InSb/ dielectric SPP mode, and the magnetic field exhibits a more complicated interference pattern.
Because the dielectric function of the InSb film is temperature-dependent, the excitation of the THz SPPs can be thermally tuned. This feature makes it possible to thermally change both the reflection and the transmission in the AISD. Figure 5 shows the temperature-dependent reflection and transmission spectra in the AISD for light incident at ¼ 0 (normal incidence) and ¼ 10 (oblique incidence). For both normal and oblique incidences, by increasing the temperature from 225 to 325 K, the InSb film presents gradually stronger metallic characteristics for a wider range of THz frequencies. Thereafter, the reflection and the transmission in the AISD appear a wider frequency range, and the reflection gradually increases [as shown in Figs The incident light is coupled to the THz SPPs in the AISD because the periodic corrugations provide compensational momentum. The THz SPPs are resonantly excited in the AISD, which occurs at the momentum
x (µm) y (µm) Here, is the wavelength of incident light, " i represents the permittivity of the air or the dielectric, and "ð!; TÞ is given by eq. (9). k k is the in-plane wave vector, which is expressed as k k ¼ 2 sin =, and k g is the reciprocal lattice vector. At the resonant modes, the reflections are obviously suppressed, which leads to dips in the reflection. For example, at a temperature of 295 K, the reflection dips in Fig. 5 It is noteworthy that, in the THz band discussed in this paper, the absolute magnitude of the real part of "ð!; TÞ is much larger than " i . Thereafter, the value of ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi " i Á "ð!; TÞ=½" i þ "ð!; TÞ p in eq. (10) is close to ffiffiffi ffi " i p .
Hence the resonant modes only have a slight blue shift when the temperature is increased from 225 to 325 K. For example, the first order air/InSb SPP mode is shifted from 0.6515 THz at 225 K to 0.6696 THz at 325 K. Furthermore, when the incident angle becomes ¼ 10 (oblique incidence), we find that each THz SPP mode at normal incidence is split into two modes [as shown in Figs. 5(c) and 5(d)], corresponding to the þnth order and the Ànth order of THz-SPP resonances, respectively (n is an integer). This feature demonstrates that in the AISD, momentum matching between the light and the THz SPPs can be achieved by adding or reducing integer multiples of the grating vector k g , which is in good agreement with the dispersion maps shown in Fig. 3 .
It is possible to tune the reflection and the transmission by changing the temperature in the AISD. Figures 6(a) and 6(b) show the temperature-dependent reflection and transmission spectra when the frequency of the normal incident electromagnetic wave is 0.67 and 0.90 THz, respectively. For the case in which the frequency of the incident wave is 0.67 THz (the frequency is around the first order air/InSb SPP mode), the reflectivity increases from 9.5 to 56.9% and the trans- mission decreases from 41.5 to 0.6% when the temperature increases from 240 to 325 K [as shown in Fig. 6(a) ]. When the frequency of the incident wave is 0.90 THz, the reflectivity increases from 25.0 to 92.0%, and the transmission decreases from 42.4 to 0.14% when the temperature increases from 240 to 325 K [as shown in Fig. 6(b) ]. This feature originates from the fact that the permittivity of InSb is temperature-dependent (as shown in the inset of Fig. 6 ). Because the permittivity of InSb varies with temperature, the characteristics of THz SPPs can be thermally tuned in the AISD. Consequently, we may control the electromagnetic properties of THz devices based on AISDs by simply changing the temperature instead of by tuning the geometrical parameters of the structure.
Conclusions
On the basis of the Rayleigh hypothesis, we have studied the transmission and reflection spectra of AISDs affected by THz SPPs. From the coupled amplitude equations of electromagnetic waves, the reflectivity, the transmittivity, and the dispersion maps in the AISD are obtained. It is shown that, as temperature-dependent THz SPPs are excited, the first and second-order modes and their cross-couplings can be clearly identified in SPP band structures. At those resonant modes, the reflections are obviously suppressed, which leads to dips in the reflection; whereas the transmissions through the AISD can be observed as either minima or maxima, depending on the film thickness. By increasing the temperature of the InSb film, the transmissions decrease and the reflections increase significantly. This feature suggests that such InSb films may have potential applications in thermo sensitive THz devices.
